Monte Carlo calculations with Geant4 were performed to calculate the response of He-3 proportional counters for neutrons of the energy region of 230 keV -7 MeV. The results are compared with experimental data obtained by irradiation of the detectors with monoenergetic neutron beams produced by 7 Li(p,n) 7 Be and 2 H(d,n) 3 He reactions in the Tandem accelerator, NSCR Demokritos Athens.
Introduction
Helium filled proportional counters are widely used in the field of neutron detection and spectrometry [1, 2] . He-3 detectors are mainly utilized in measurements of thermal-epithermal neutrons, while they can be used for fast neutron measurements, but with limited efficiency. The response of helium counters to fast neutrons is usually calculated either by analytical techniques or by Monte Carlo methods. In this work He-3 counter was irradiated with mono-energetic neutron beams in the energy region from 230 keV -7 MeV using the Tandem, Van de Graff accelerator facility at the Institute of Nuclear Physics, NCSR Demokritos, Athens, Hellas. The energy and resolution calibration of the detector was realized from the pulse height distributions obtained by these irradiations. The efficiency of the counter was calculated with Monte Carlo using Geant4. Finally, the experimental pulse height distributions were compared with the calculated spectrums.
Experimental
In this study a commercially available cylindrical He-3 counter was used. The effective length and diameter are 15 and 5 cm respectively. The gas mixture jl ι s : y|J4 1 [3] . The peak due to 7 Li(p,n) 7 Be* reaction is clearly distinguishable from the peak of the main neutron group (Fig. 1 ), due to the energy difference between the neutrons emitted from these two reactions as well as due to the relatively smaller cross section of the second reaction. Thus, the second neutron group does not af fect the measurements on the characteristic peak values of the main neutron group. As an example, in Figure 1 the two peaks corresponding to 2019 keV (due to 7 Li(p,n) 7 Be) and 1561 keV (due to 7 Li(p,n) 7 Be*) are marked with arrows. Neutron energies in the range of 3.75 to 7.74 MeV were produced from 2 H(d,n) 3 He reaction. Mean energy loss of the projectile energy in the target gas cell (Mo, 5.1 mg cm -2 ) was calculated using the SRIM/TRIM code [4] . The detectors were positioned parallel to the projectile beam direction at 0°. Due to the geometrical arrangement of the detectors with respect to the projectile beam direction and because of the openings of the detectors, neutrons with energies other than that of the 0° neutron energy also enter the detector volume ( Fig. 2 ). In each of the irradiations the deviations from the 0° neutron energy and mean energies of the neutrons were calculated by weight ing the neutron energies with their intensities at relevant directions. Angular dependences of laboratory cross sections and energies were calculated using the DROSG-2000 code, available form IAEA [5] . The difference between cal culated mean neutron energies and the corresponding energies of neutrons at 0° varied from 0.1% to 0.3%. Dftrrtcr Fig. 2 . Arrangement of the detector in respect to the beam direction. Neutron energy as a function of the emission angle is also presented for the case of 7 Li(p,n) 7 Be reaction when proton energy is 2 MeV, as an example.
Results and Discussion

Experimental results
Pulse height distributions obtained with He-3 counter during irradiations with neutrons via 7 Li(p,n) 7 Be and 2 H(d,n) 3 He reaction are presented in Fig. 3a and 3b. The pulse height distributions obtained with He-3 detector are composed of:
(1) A peak due to the 3 He(n,p) 3 H reaction, which will be referred as full energy peak. As the Q value of this reaction is 764 keV, the total kinetic energy of the reaction products is En +764 keV. A peak due to this energy is formed when both of the reaction products (i.e. ρ and 3 H) deposit all their energies within the detector volume. This peak appears towards the end of the pulse height distributions shown in Fig. 3 . As the maximum proton energy that can be totally absorbed in this He-3 counter is about 7 MeV, the probability of registering pulses in full-energy peak decreases rapidly for neutrons above this energy because of increased probability of wall effects (Fig. 3b ). (2) At neutron energies above 4.4 MeV a peak due to 3 He(n,d) 2 H reaction. As the Q value of this reaction is -3.27 MeV, the total kinetic energy of the reaction products registered in the pulse height distributions is En-3.27 MeV.
(3) A peak due to the recoiled 3 He nuclei with recoil angle #j a &=0 °, when all of their energy is deposited within the sensitive volume of the detector. The maximum energy, E max , transferred to recoiled 3 He nucleus, which travels in the direction of the incoming neutron, is E n *(4mM)/(m+M) 2 =0.75*E n , where E n is neutron energy, M and m are the masses of 3 He and neutron, respectively. (4) A continuum that originates from the recoiled 3 He nuclei due to 3 He(n,elastic) reaction. In the absence of other phenomena, such as partially deposited energy due to wall effect or electronic effects, the expected shape of this continuum is the shape of the differential cross section, da(E n )/dQ, of the 3 He(n,elastic) reaction [6] . (5) A continuum due to the recoils of the other gasses present in the detector volume. The maximum energy of these recoils is significantly less than 3 He recoil energy E max i.e. 0.05*E n for Kr, 0.29*E n for C and Q.22*E n for O. (6) A peak due to the thermal-epithermal neutrons (764 keV). These low energy neutrons result from the neutron scattering by the material present in the irradiation hall (e.g. floor, walls, etc) (7) An exponentially decreasing component in the first part of the spectrum due to gamma ray interactions mainly with the detectors walls.
The experimentally obtained pulse height distributions are affected by other phenomena as well, such as statistical fluctuations in the gas amplification, recombination or electronic noise. In addition, depending on the gas pressure, the geometrical characteristics of the counter and reaction products direction, partial deposition of the latter kinetic energies within the detector volume can occur, while the rest is deposited in the detector wall (the wall effect). A fitting procedure was applied to the full energy and recoil peaks in the obtained pulse height distributions. The calculated energy and resolution calibration obtained is presented in Figure 4 . The charge collected from 3 He recoil nucleus is significantly smaller than the charge collected from proton and triton with the same total kinetic energy (see Fig. 4 ), mainly due to different ionization density and recombination effects. Fig. 5 . Calculated spectra with different neutron beam energies. The full squares denote the full energy peak in each spectrum. In the above calculations the materials present in the experimental hall were not taken into account. 
Monte Carlo calculations
The response of He-3 counter was calculated using Geant4, with the physics lists provided for medical and military neutron applications. An accurate description of the detector geometrical characteristics and construction materials was provided. The angle-energy dependence of neutron beams was taken into account (see Fig.2 ). Detector support and the major volumes present in the experimental hall were also described. With the above input the total energy deposited into the detector gas mixture was calculated, Figure 5 .
The events originated from different reactions ( 3 He(n,p) 3 H, 3 He(n,elastic) and 3 He(n,d) 2 H) were separated and treated with the corresponding energy calibration (see Fig.4 ). Finally the calculated spectra were folded with Gaussian distribution according to the experimentally determined resolution calibration. Preliminary results presented in Figure 6 , show good correlation between the experimental and calculated spectra.
Finally, the experimental data obtained via 7 Li(p,n) 7 Be reaction (neutron energies from 230 keV to 3.3 MeV) were used to calculate the full energy peak efficiency according to the energy dependent reaction cross section, i.e. (counts recorded in full energy peak)/(neutrons emitted via 7 Li(p,n) 7 Be reaction during irradiation). In order to take into account the influence of other factors such as geometrical arrangement, uncertainties in target mass etc., the data were normalized to one calculated data point via Geant4. The results presented in Fig. 7 . Calculated and experimentally determined efficiency of He-3 counter to fast neutrons. The point that corresponds to thermal neutrons is provided by the manufacturer of the counter. Figure 7 are in acceptable agreement with the calculated ones.
Conclusions
Linear response with neutron energy was observed for He-3 counter when it is irradiated parallel to the anode wire. He-3 counter studied in this work can be effectively used for neutron spectroscopy up to 7 MeV. The resolution of the counter was in the range of 4-11% for the full energy peak. Preliminary calculations performed by Monte Carlo method using Geant4 to simulate the response of He-3 to fast neutrons are in acceptable agreement with the experimentally determined one.
